ABSTRACT. The fall armyworm, Spodoptera frugiperda, is the pest that causes the greatest economic losses for both common corn and popcorn crops, and the use of resistant plant genotypes is an important tool for integrated pest management. The goal of the present study was to evaluate the damage caused by S. frugiperda on single-cross popcorn hybrids under field conditions with natural infestation as well as to study the effect of 11 popcorn hybrids on the S. frugiperda life cycle under laboratory conditions. A completely randomized block design with 4 replicates was used for the field experiment, and a completely randomized design with 10 replicates was used for the laboratory experiment. In the field experiment, the damage caused by fall armyworm, grain yield, and popping expansion were quantified, and a diallel analysis was performed to select the best hybrids. For the laboratory experiment, caterpillars were obtained from laboratory cultures kept on an artificial diet and were fed with leaves from the 6540
INTRODUCTION
Popcorn, Zea mays L, belongs to the family Poaceae, subfamily Panicoideae, and tribe Maydeae, and differs from common corn because it displays a thin capsule surrounding the grain endosperm. Popcorn plants are characterized by being smaller and more fragile than those of common corn, with narrower stems, fewer leaves, greater offspring production and higher susceptibility to pests and diseases (Catapatti et al., 2008) . The agronomic traits of popcorn plants are negatively correlated with popcorn quality traits (Carpentieri-Pípolo et al., 2002; Daros et al., 2004; Rangel et al., 2011) .
Considering the popularity of this product in Brazil, the production and commercialization of popcorn has been little studied. In addition, there is a lack of official data on cultivated area, yield and imported quantities (Galvão et al., 2000; Pereira and Amaral Júnior, 2001 ). Among the largest problems faced by the popcorn producers in Brazil is the reduced number of different cultivars and the occurrence of pests, particularly the fall armyworm, Spodoptera frugiperda (J.E. Smith, 1797) (Lepidoptera: Noctuidae) (Seifert et al., 2006) .
In Brazil, the fall armyworm is estimated to be responsible for more than 25% of the losses caused by corn pests and for the majority of the 38.3 million dollars spent on insecticide spraying, resulting in an annual loss of approximately 250 million dollars (Waquil and Vilella, 2003) . This insect pest may cause losses varying between 15 and 37% in grain yield, depending on the plant development stage when the attack occurs, the cultivar, the production system and the planting site (Cruz, 1995; Sarmento et al., 2002) . The losses are not related to the absence of phytosanitary treatments because the number of applications has increased over the years, and in some regions, the use of more than five insecticide applications during the crop year is common. Currently, there is a concern about the occurrence of insect populations that are resistant to chemical products, observed in some regions, and the decrease in diversity of biological control agents resulting from the inadequate use of agrochemicals (Cruz et al., 2002) .
There is interest in decreasing the use of pesticides and encouraging the implementation of integrated pest management (Figueiredo et al., 2006) . Several strategies are recommended for the management of this pest, including cultivation, biological, and chemical methods (Waquil et al., 2002) . Plant resistance to insects is an efficient pest-control method because it results in biological, economic, and environmental benefits (Hamm and Wiseman, 1986) . Among the advantages of this method is the maintenance of the insect population below the economic loss level, without causing damage to the environment and farmers (Gallo et al., 2002) . Because this method does not interfere with other cultivation practices and generally displays good compatibility with other methods, it is an ideal method to be used by producers Selection of popcorn hybrids for resistance to fall armyworm (Vendramim and Nishikawa, 2001 ).
Resistant plants have been shown to interfere with the development and behavior of the fall armyworm (Cunha et al., 2008) and may therefore contribute to a more rational use of chemicals. However, there are few studies on popcorn crops, and the present study is the first to evaluate the resistance of popcorn to the fall armyworm. The goal of the present study was to identify single-cross popcorn hybrids regarding resistance to its main pest, the fall armyworm, under field conditions with natural infestation and to evaluate the effect of 11 popcorn hybrids on the life cycle of S. frugiperda under laboratory conditions.
MATERIAL AND METHODS

Field experiment
The experiment was set up at Maringá, State of Paraná, at the Iguatemi experimental farm. A completely randomized block experimental design was used, with four replicates. The experimental plots consisted of a planting row 5.0 m long, considered to be the useful area.
The genetic material used was obtained from the Special Maize Breeding Program (Programa de Melhoramento de Milhos Especiais) developed by the Universidade Estadual de Maringá -UEM. Popcorn lines from group P7 originated from American temperate populations, whereas the lines from group P9 originated from tropical populations of the modified single-cross hybrid IAC 112. Six lines of each group were crossed according to the partial diallel cross scheme (Cruz et al., 2012) , and 36 single-cross popcorn hybrids were obtained.
The agronomic traits measured were genetic resistance to the fall armyworm, grain yield and popping expansion. The genetic resistance to fall armyworm was quantified by measuring damage using a visual damage-rating scale. The fifteen central plants of each plot were used. A visual damage-rating scale with scores varying between one and six was used, where 1 = no damage, 2 = small scrapings (diameter smaller than 5 mm), 3 = small holes (diameter smaller than 5 mm), 4 = 5-to 10-mm holes, 5 = holes bigger than 10 mm, and 6 = destroyed whorl. Assessments were performed 7, 10, and 14 days after seedling emergence, and the mean of the evaluations was calculated.
The grain yield was obtained by threshing the grains from all the corn cobs from each plot, correcting for 15% moisture, and expressed in kg/ha. The popping expansion, in mL/g, was analyzed using 30 g grain samples removed from the central-basal portion of the corn cobs. The samples were stored in a dry and cold chamber. The popping expansion was measured when the grains reached approximately 14% moisture, using an electrical popcorn maker, with automated temperature control set for 280°C, for approximately 2 min. The popped volume of popcorn was measured using a 2-L graduated cylinder.
An analysis of variance of the agronomic trait data obtained was performed. When a significant effect was detected, the mean squares were divided into general (GCA) and specific (SCA) combining abilities. All the statistical analyses were performed using the GENES software (Cruz, 2013) . The nine best hybrids were selected (Table 1) and tested for their effect on the fall armyworm life cycle, under laboratory conditions, as described below.
placed individually into transparent acrylic Petri dishes (9.0 cm diameter and 1.5 cm height). The caterpillars were kept under laboratory conditions (25° ± 1°C; 70 ± 10% RH; 12-h light/12-h dark photoperiod) and fed ad libitum, during the whole larval phase, with sections of 25-to 40-day-old leaves from eleven popcorn hybrids (Table 1 ). The experimental design was completely randomized, with ten replicates per treatment (caterpillars per hybrid).
Hybrids
Name of hybrid Criteria for selection of the hybrid Contribution
UEM-4 3rd Highest GY + + -P 7.4.0 X P 9.4 UEM-5 Smaller RFA _ + + P 7.0 X P 9.5 UEM-6 Highest PE -+ + P7.1 X P9.6 UEM-7 2nd Highest GY + + -P 7.4.1 X P 9.1 UEM-8 3rd Highest RFA -+ -P 7.0 X P 9.3 UEM-9 Highest RFA --- Table 1 . Description of the hybrids selected for the laboratory experiment and their contribution to the grain yield (GY) (kg/ha), popping expansion (PE) (mL/g), and resistance to fall armyworm (RFA) (scores).
The pupae obtained were separated at hatching. Adults were maintained under the same conditions as described above, in plastic jar cages (9 cm height and 18 cm diameter), closed with a lid of the same diameter and covered internally with newspaper, which was used as an egg-laying substrate. The couples were fed until death with a 10% honey water solution, replaced every two days. The cages were monitored daily, and the number of egg layings per female and number of eggs per laying were recorded.
All the eggs from each laying were placed on individual Petri dishes with 9 cm diameter x 1.5 cm height and were monitored for five days to determine egg viability. The egg stage duration, mean larval stage duration, final larval mass, mean larval mass, larval viability, pupal stage duration, mean pupal mass, pupal viability, adult longevity, adult deformity, number of eggs per female and total life cycle duration were determined. The data were subjected to an analysis of variance followed by a Scott-Knott test, at the P < 0.05 probability level, using the Genes software (Cruz, 2013) .
RESULTS AND DISCUSSION
Field assessments
A significant effect of treatment was observed for the three measured traits, allowing the partitioning of the sums of squares into GCA and SCA. The diallel analysis revealed a significant effect of the general combining ability (GCA) both for group I (obtained from group P7, originating from American temperate populations) and for group II (obtained from group P9, originating from tropical populations of the modified single-cross hybrid IAC-112) as well as of the SCA for grain yield (kg/ha) ( Table 2 ). The overall mean yield was 1533.43 kg/ ha, which is considered low for experimental popcorn hybrids. Vieira et al. (2009) observed a mean grain yield of 2429.4 kg ha and reported that these values were in agreement with those obtained by Scapim et al. (2002) .
Both the general and the specific combining ability had significant effects on the popping expansion for the two groups, according to the F test, at P < 0.05 (Table 2 ). The overall mean popping expansion was 25.70 mL/g, which was very close to the 25.86 mL/g value reported by Vieira et al. (2009) . Galvão et al. (2000) state that popping expansion rates between 21 and 26 mL/g are good, and rates higher than 26 are considered excellent. In the State of Paraná, the packing companies work with minimum rates of 30 mL/g. A significant effect of the SCA on the reaction to the fall armyworm was observed and the effect of the general combining ability was observed for group I (Table 2 ). This result indicates that base populations originating from superior parents from group I are viable and will result in satisfactory gains for the selection of individuals in segregating generations. Line P7.2.1, from group I, exhibited the largest GCA effect. Lines P7.2.0, P7.4.0, and P7.4.1 also exhibited negative GCA effects (Table 3) . It should be noted that because the parameter evaluated was resistance, lower values of combining ability were preferable. ns = non-significant, * and ** significant at P < 0.05 and P < 0.01, respectively, according to the F test. Table 3 . Estimates of the general combining ability (GCA) of Group I and Group II for grain yield (GY), popping expansion (PE), and resistance to fall armyworm (RFA) of popcorn lines resulting from a partial diallel cross.
The observed effects of the GCA on the three traits evaluated (Table 3) indicate that parents P7.2.1 (group I) and P9.1 (group 2) are genetically superior and thus recommended for inclusion in the base population for selection. This recommendation is made because these parents exhibit potential for increasing the yield and popping expansion and for decreasing the damage caused by the fall armyworm.
In addition to the identification of promising parents, based on the GSA, the diallel analysis allows an evaluation of the participation of a given parent in obtaining hybrids. Cruz et al. (2012) reported that estimating the SCA effects is useful to recommend the best pair of parents for the production of a hybrid. Hybrids P7.0 x P9.4, P7.1 x P9.6, P7.2.0 x P9.3, P7.4.0 x P9.1, and P7.4.1 x P9.4 stood out when considering the three traits assessed because they exhibited negative SCA effects for the damage caused by fall armyworm and positive effects for the increase in grain yield and popping expansion (Table 4 ).
Hybrids
Estimates of the specific combining capacity Table 4 . Estimates of the specific combining capacity for grain yield (GY), popping expansion (PE), and resistance to fall armyworm (RFA) of single-cross popcorn hybrids resulting from a partial diallel cross.
Considering each trait separately, hybrid P7.4.0 x P9.2 exhibited the highest estimate of ŝ ij (483.608) for grain yield. Its parent from group II exhibited the highest estimate of ĝ i (230.125), but its parent from group I exhibited one of the lowest estimates (-61.708 ). Hybrid P7.1 x P9.6 exhibited the second-highest value of ŝ ij (411.158) for grain yield, whereas its parents exhibited estimates of ĝ i that were slightly low (-122.242 for group I and 91.508 for group II). Hybrid P7.4.0 x P9.1 exhibited the third-largest estimate of ŝ ij (350.042) for grain yield, and its parents obtained good estimates for ĝ i from group I (212.625) and group II (230.125) (Table  3 and 4). These three hybrids were selected to test their effects on the fall armyworm life cycle.
Hybrid P7.0 x P9.5 exhibited one of the highest estimates of ŝ ij (2.853) for popping expansion (Table 4) . Moreover, its group I parent exhibited a good ĝ i value (1.964), while the group II parent exhibited low ĝ i (-2.469). Hybrid P7.4.1 x P9.4 exhibited a good ŝ ij value (2.820), while P7.4.1 exhibited a good ĝ i value (2.664) and P9.4 a low ĝ i (-0.719) (Tables 3 and 4) . Good values were observed for these two hybrids, and they were selected for the laboratory experiment.
Hybrid P7.0 x P9.3 exhibited the lowest ŝ ij (-0.582) for resistance to fall armyworm, and its parent from group I exhibited a good estimate of ĝ i (-0.175). Hybrid P7.2.1 x P9.1 exhibited the second-best ŝ ij (-0.572), and its parent from group I displayed a good ĝ i value (-0.236). Hybrid P7.4.1 x P9.1 exhibited the third-best ŝ ij (-0.542), and a good ĝ i value (-0.236) was observed for parent P7.4.1. Considering the SCA, these three hybrids were selected for more detailed assessments under laboratory conditions. Hybrid P 7.4.0 x P 9.4, which exhibited the highest ŝ ij , indicating it to be the least favorable hybrid for resistance to fall armyworm, was also selected for further testing under laboratory conditions.
Laboratory assessments
The laboratory experiments consisted of bioassays to determine the biological variables of fall armyworms fed with leaves of the single-cross hybrids tested. The mean incubation period of the eggs laid by females originating from caterpillars fed with leaves from the popcorn hybrids tested was three days and did not differ between treatments. Cruz (1995) and Gallo et al. (2002) also did not observe differences for this parameter.
The overall mean larval stage duration of the caterpillars fed with leaves from popcorn hybrids was 18.5 days. Veloso et al. (1982) reported a shorter larval stage for this species on corn leaves. The shortest mean larval stage (17.6 days) was observed for the caterpillars fed with the UEM-6 hybrid, and the longest (19.4 days) was observed for the caterpillars fed with the commercial popcorn hybrid JADE (Table 5) . Lower means were observed with hybrids UEM-1, UEM-4, UEM-5, UEM-6, UEM-7, and IAC 112 than with the remaining hybrids tested. The final larval mass corresponds to the mass gained during the larval stage, i.e., the body mass accumulated during larval development. The overall mean final mass of the caterpillars fed with leaves from the popcorn hybrids tested was 0.395 g. Veloso et al. (1982) studied the damage by S. frugiperda in corn and cotton and reported 0.410 g for the mean mass of caterpillars at the peak of their development. Thus, the mean final larval mass decreased, and hybrids UEM-1, UEM-3, UEM-5, UEM-6, UEM-9, and the control JADE were the ones with the lowest means ( Table 5 ). The lowest final mass was observed in the caterpillars fed with hybrid UEM-3, and the highest final mass was observed in the caterpillars fed with hybrid UEM-2 (Table 5 ). The overall mean larval mass was 0.123 g. The lowest larval mass was observed for the caterpillars fed with hybrid UEM-3, and the highest larval mass was observed for the caterpillars fed with hybrid UEM-6. The caterpillars fed with hybrids UEM-3, UEM-8 and UEM-9 exhibited significantly lower mean mass values than the caterpillars in the other treatments (Table 5 ).
The larval viability was higher than 60% for all the treatments. The highest value, 100%, was observed for hybrids UEM-1, UEM-4, UEM-6, and JADE, whereas the lowest values were found for hybrids UEM-3 (60%) and IAC 112 (70%) (data not shown). Lima et al. (2006) tested different corn accessions for resistance to fall armyworm and found three that affected larval viability, which could be considered resistant accessions. Silveira et al. (1997) stated that larval viability is not always markedly affected by resistant accessions.
The overall mean duration of the pupal stage of caterpillars fed with the tested popcorn hybrids was 10.5 days. The longest duration of the pupal stage was observed for hybrid IAC 112 and the shortest for hybrid UEM-6. The longest pupal stages were observed in the caterpillars fed with hybrids UEM-2, UEM-3, UEM-4, UEM-7, UEM-8, UEM-9, IAC 112, and JADE during the larval stage (Table 5) . Pinheiro et al. (2008) reported a mean pupal stage duration of 9.08 days for caterpillars fed with common corn.
The overall mean pupal mass, measured following 24 h of metamorphosis, was 0.189 g. Pinheiro et al. (2008) reported a mean pupal mass of 0.219 g. Among the treatments tested on the present experiment, the lowest pupal mass was observed for hybrid UEM-3 and the highest for hybrid UEM-6. The highest mean pupal mass was observed for the caterpillars fed with hybrids UEM-1, UEM-2, UEM-4, UEM-6, UEM-7, UEM-8, UEM-9, IAC 112, and JADE during the larval stage (Table 5 ). The pupal viability was higher than 80% for all the hybrids tested. The lowest viability was observed for the caterpillars fed with hybrids UEM-1 and IAC 112, whereas the highest viability was seen with hybrids UEM-2, UEM-3, UEM-4, and UEM-9, which reached 100% viability (data not shown).
The mean longevity of the adults fed with the tested popcorn hybrids during the larval stage was 4.45 days. The lowest longevity was observed with hybrid UEM-7, and the highest longevity was with hybrid UEM-6 (Table 5) . Deformed adults were observed only with three of the 11 hybrids tested, namely UEM-4, UEM-7, and UEM-9. The highest percentage of deformed adults was observed with hybrid UEM-7. Ten percent adult deformity was seen with hybrids UEM-4 and UEM-9. The overall mean duration of the entire life cycle (from egg to adult) of S. frugiperda was 36.2 days, and there were no significant differences between the treatments with the 11 popcorn hybrids tested (Table 5) .
Egg laying by adults fed with popcorn leaves during the larval stage was only observed in six of the 11 treatments. The mean number of eggs per female was 232.34, and the highest number of eggs per female (504.5) was observed with hybrid UEM-5, while the lowest number was with hybrid UEM-6. Hybrids UEM-2, UEM-4, UEM-7, UEM-8, and IAC 112 did
